Monitoring, probing, and sensing characteristics of aerosol clouds is difficult and complicated. Probing the characteristics of aerosols is most useful in the chemical and microelectronic industry for processing control of aerosols and emulsion, decreasing bit error rate in adaptive optical communication systems, and in acquiring data for atmospheric science and environment quality. We present a new mathematical and optical engineering model for monitoring characteristics of aerosol clouds. The model includes the temporal transfer function of aerosol clouds as a variable parameter in an electro-optic oscillator. The frequency of the oscillator changes according to changes in the characteristics of the clouds ͑density, size distribution, physical thickness, the medium and the particulate refractive indices, and spatial distribution͒. It is possible to measure only one free characteristic at a given time. An example of a practical system for monitoring the density of aerosol clouds is given. The frequency of the oscillator changes from 1.25 to 0.43 MHz for changes in aerosol density from 2000 to 3000 particulates cm
Introduction
Aerosol clouds are difficult to probe or monitor. The fundamental and complementary electro-optics methods to probe the characteristics of aerosol clouds are transmissometers 1,2 and single-particle counters 1 ͑SPC's͒. The transmissometer method can be used to measure the transmission of aerosol clouds and to calculate optical thickness. The SPC can be used to analyze the scattering radiation from a single particulate and to calculate the size and velocity of this individual particulate. The disadvantages of the transmissometer method are 1, 3 that a line-of-sight measurement geometry is required and the measurement of a very high concentration of aerosol clouds is inaccurate.
The disadvantages of a SPC are 1 that ͑1͒ the measurement of a very high concentration of aerosol clouds is inaccurate because of errors that occur when more than one particulate occupies the sensing volume at the same time and ͑2͒ the measurement can be executed for only a single position and only on one particulate.
Applications of aerosol and cloud characteristic measurements include 1, 4 industrial reactors ͑carbon black pigments, optical waveguides, and powders for advance ceramics͒, atmospheric science and fog monitoring, inhalation in the health care field, and adaptive optical communication. [5] [6] [7] Here we suggest and simulate a new electro-optic method that can be used to probe aerosol clouds. The basic idea of our method is for one to use the temporal optical transfer function of aerosol clouds as a variable element in an electro-optics oscillator. The measurement parameter is the oscillation frequency. The key here is its temporal transfer func-tion or its Fourier transform, which is the temporal impulse response of aerosol clouds. One can control the impulse response of aerosol clouds by multiscattering, which means that, when aerosol clouds are illuminated by an optical pulse, the photons of the radiation propagate through the clouds until they collide with particulates. The collisions cause some of the photons to be absorbed and others to be scattered in different directions. The scattered photons propagate in new directions until the next collision. Some of the scattered photons penetrate through the clouds. The propagation time of the scattered photons through the clouds is longer for scattered photons than for unscattered photons. The pulse that passes through the cloud widens in the time domain and attenuates in power compared with the original pulse because of multiscattering and absorption. The functions that best describe the temporal impulse response of thick aerosol clouds are the gamma or double gamma functions. [7] [8] [9] [10] [11] [12] Experiments on the broadening of optical pulses that propagate through aerosol clouds ͑multiscattering media͒ have been performed. 8 -12 However, the Monte Carlo method is the simplest method that can be used to simulate propagation of photons through aerosol clouds. 7, 12 For example, 13 a possible situation in which our technique could be used would be to monitor fog conditions for adaptive electro-optic communication. [5] [6] [7] This kind of system can be used to adapt its filters and bit rate based on fog characteristics. ͑The fog cloud behaves like a low-pass filter and attenuator.͒ Our method gives direct information about the transfer function of fog so that the communication system can be used to adapt data rate and filters to cloud characteristics in order to achieve a minimum bit error rate ͑BER͒ in real time in a direct manner.
With a transmissometer, a SPC, and also our method, one must know all the cloud characteristics in order to measure one characteristic of the aerosol cloud. The novel oscillator method presented here includes the following characteristics: ͑1͒ there is no necessity for line-of-sight measurement geometry since scattered rather than unscattered radiation is used, ͑2͒ the scattered light is used to measure characteristics that cannot be measured or are difficult to measure by other methods, ͑3͒ accurate measurement of high optical thickness aerosols is possible, ͑4͒ the characteristics of ensembles of particulates in aerosol clouds are measured, ͑5͒ the cloud bandwidth for free-space optical communication is directly measurable, and ͑6͒ the measurement of very thin aerosol clouds is limited because the impulse response of the cloud is no longer a double gamma function.
Theory
First we present the reader with the basic theoretical elements of our model. We begin the discussion with scattering from single particulates and the Mie theory and continue with multiscattering simulation. In Subsection 2.C we present a mathematical analysis of the temporal impulse response derived from the propagation model, followed by the basic theory of oscillator and sensitivity analysis of the current model.
A. Phase Function
In order to treat the problem of scatter of photons at different angles, the parameters of the particulate must be defined and the wave equation must be solved. Mie formulas are solutions of the wave equation for homogeneous scattering spheres and are utilized to describe scattering characteristics such as the scattering angle distribution and the cross section of scatter and extinction of particulates for broad ranges of size, wavelength, and refractive index. The Mie formula parameters are wavelength radiation, dimensions of the particulates, and the particulate and medium refractive index. The particulates in clouds are polydispersed. Mathematical models define the particulate size distribution function. The scattering characteristics of polydispersion particulates as calculated by Mie formulas are weighted according to the particulates size distribution function.
B. Propagation
It is assumed that light propagates in a medium that contains vacuum and particulates with known density ͑Fig. 1͒. The shape of the medium is a cylinder with a radius of five units and a height of one unit. The receiver is located at the center of the base and the transmitter is located at the center of the top. The light is monochromatic with frequency and photon energy h. Photons are emitted from the center of the coordinate axes at the start of the sim- ulation ͑time ϭ 0͒ in a direction parallel to the z axis. Emitted photons move in space until collision with a particulate. The new direction of the photon, if it is not absorbed, received, or does not escape, derives from three elements: rotation angle with uniform distribution, polar angle with distribution from Mie formulas, and distance r to the next collision with exponential distribution. [5] [6] [7] The probability of a photon being absorbed or scattered depends on the relation between the extinction cross section and the absorption cross section. The mean free path between successive collisions ͑mfpbsc͒ can be calculated 6 from e , the extinction cross section, and the particulate density N as
C. Impulse Response and Transfer Function
The temporal impulse response of thick aerosol clouds for an optical pulse can be approximated by a double gamma function [7] [8] [9] :
where h͑t͒ is the impulse response, t is time in seconds, k 1 . . . k 4 are constants, and U͑t͒ is a unit step function. The impulse response parameters are a function of the cloud characteristics ͑size distribution of the cloud particulates, physical thickness of the clouds, the medium and particulate refractive indices at the wavelength of the optical pulse, and its spatial distribution͒. One can evaluate the transfer function by Fourier transforming the impulse response of Eq. ͑2͒:
The transfer function is
which can be rewritten as 7
where
Equation ͑5͒ is the general temporal transfer function of a cloud. It contains two double poles at frequencies f 1 and f 2 . Every double pole can be used to change the slope of the absolute value of the transfer function by Ϫ40 dB͞decade, and can be used to change the transfer function phase asymptotically by Ϫ180 deg. The transfer function also contains two zeros at frequency f 3 that shift by b and Ϫb. Each zero changes the phase of the transfer function asymptotically by 90 deg. The total slope of the absolute value of the transfer function and its total phase for frequencies larger than f 1 , f 2 , and f 3 are Ϫ40 dB͞ decade and Ϫ180 deg, respectively. The absolute value and the transfer function phase with k 1 ͞k 3 ϭ 10 and k 2 ͞k 4 ϭ 10 are presented in Figs. 2 and 3, respectively, from which it is easy to determine that the transfer function is close to being a double pole function.
D. Oscillator
The basic method to create oscillation is to feed back the output of an amplifier to its input with proper phase and gain, which can be determined from the characteristics of the feedback circuit. In our method the aerosol cloud impulse response is part of the feedback circuit, which differs from ordinary oscillators because of the use of light as part of the feedback circuit. The scheme of a basic feedback net is described in Fig. 4 . In this scheme H͑ f ͒ is the aerosol cloud transfer function and B͑ f ͒ is the transfer function connected in closed loop to H͑ f ͒. B͑ f ͒ is a transfer function that was chosen by us to create oscillation. The closed-loop transfer function of this net is
Oscillation develops when the denominator of Eq. ͑6͒ equals zero. To satisfy this condition in a complex domain two criteria must be satisfied 14 :
arg͓B͑ f ͔͒ ϩ arg͓H͑ f ͔͒ ϭ ͑2n ϩ 1͒,
Equation ͑5͒ can be rewritten in polar form as
The continuation of the analysis is based on the assumption that the condition of the amplitude in Eq. ͑7͒ is satisfied by B͑ f ͒ for a wide range of frequencies. Now we consider Eq. ͑8͒ and try to simplify Eq. ͑10͒:
First we determine the frequency at which the last term in Eq. ͑18͒ equals zero. This is satisfied for
For the two approximations k 1 Ͼ Ͼ k 3 and k 2 Ͼ Ͼ k 4 , Eq. ͑19͒ simplifies to
The second term from the right in Eq. ͑18͒, under the assumption that f Ϸ f 1 , equals 2 tan
From Eqs. ͑18͒ and ͑19͒ and approximation ͑20͒ we obtain arg͓H͑ f ͔͒ Ϸ 2 tan
The term B͑ f ͒ was chosen so as not to contribute any phase to the system. Consequently, Eq. ͑8͒ can be rewritten as 2 tan
Equation ͑23͒ for n ϭ 0 reduces to in which case
From Eq. ͑25͒ we determined that the oscillation frequency is equal to f 1 and thus fulfills the assumption in approximation ͑20͒. From the derivative of Eq. ͑25͒ the sensitivity of f to a change in k 2 is
We must emphasize that the analysis from Eq. ͑18͒ onward was derived based on approximation ͑20͒.
The results of this analysis yield only a rough expression for the oscillation frequency. The accurate oscillation frequency can be obtained by numerical calculation of Eq. ͑18͒. From the mathematical analysis above it was found that the oscillation frequency is a function of the transfer function parameter k 2 and the sensitivity of f to a change in k 2 is approximately 1͞2. The value of the oscillation frequency is a parameter that can be used to determine the cloud bandwidth in adaptive optical communication.
Engineering Model and Simulation
We describe the engineering model and simulate implementation of the mathematical model from Section 2. The first three topics describe the method that was used to derive the impulse response of the aerosol clouds. The last topic we describe is the engineering model and simulation of the monitoring system.
A. Phase Function Simulation
The program can be used to calculate the normalized phase function according to Mie formulas at intervals of 1 deg from 0°to 180°with averaged values of parallel and perpendicular polarization terms. The normalization factor can be calculated based on a distribution function with a maximum value of unity. The scatter and extinction cross sections were calculated as part of the program. The aerosol cloud in our simulation includes water particulates with a size distribution function of
where r is the droplet radius in micrometers and n͑r͒ is the particulate size distribution. This type of function can be used to describe atmospheric clouds. At 0.8-m wavelength, the refractive-index value of the particulates is 1.32 ϩ j1.25 ϫ 10 Ϫ7 , which is that of water, whereas that of the medium is unity. The output of this simulation is a vector of data that represents the phase function of the particulate and the scatter and extinction cross sections. The vector was used in the propagation simulation to simulate signal scattering. The scatter and extinction cross sections were used to calculate the mean free path.
B. Light Propagation Simulation
The light propagation simulation was taken into consideration for the propagation of laser radiation in a multiscatter channel from which 20,000 photons are assumed to be transmitted. Photon advance is traced until a photon is absorbed, escapes, or is received. In this simulation the received photons are all the photons that exit from the bottom boundary of the cylinder and the escaped photons are those that exit from the other walls of the cylinder. For the simulation we used a pseudorandom generator to create random propagation of the photons. The impulse responses of the radiation that propagates through the aerosol cloud were calculated for five different values of particulate density between 2000 and 3000 particulates cm Ϫ3 in steps of 250 particulates cm
Ϫ3
, corresponding to optical thicknesses of from 21.4 to 32.1. The distance between the transmitter and the receiver is 25 m.
C. Results of Light Propagation Simulation
The spatial distribution of the received photons was calculated for each simulation. We considered only those photons from the central part of the beam, which constitute 5% of the total received energy. The geometric path lengths of all the photons were calculated and were divided by the speed of light to evaluate the impulse response. Using a least-meansquare fit procedure for the simulation and the double Gamma function, we evaluated the constants k i for each aerosol density of the cloud and summarized the results in Table 1 . The impulse responses for the five different aerosol densities are presented in Fig. 5 , where one can see that the impulse response of aerosol clouds of low density is stronger and faster ͑most pulse energy is concentrated in a short time͒ than that of aerosol clouds with high density. If the cloud has very thin optical thickness, low density, and short physical thickness, it produces less multiple scattering and the double Gamma function is no longer the model of the impulse response. In such conditions our method may be of insufficient precision and can yield unstable frequency measurements because of the effects of individual particulates on the amplitude and phase of the received radiation. In general, systematic and random errors from single particulates are more critical for small optical depths and the use of this method in such situations is less reliable. 
D. Engineering Model and Simulation of the Monitoring System
With our method we can monitor the density of an aerosol cloud with an electro-optic oscillator. The oscillation frequency, which was measured with the frequency counter, changes as a function of the particulate density in the aerosol cloud. The system includes a laser transmitter, an electro-optics receiver, an amplifier, an inverter, a nonlinear element, impulse responses of the aerosol clouds being monitored, and a frequency counter ͑Fig. 6͒. The amplifier and the nonlinear element create the conditions that satisfy Eq. ͑7͒, which requires an oscillation amplitude that is equal to unity. All the components are connected by a closed loop. Optical pulses are transmitted by the laser transmitter, propagate through the aerosol cloud ͑multiple scattering media͒, and are received by the electro-optic receiver. We used an electro-optics receiver to convert the optical signal to an electronic signal. The electronic signal was amplified and then converted to an optical signal. The output of this circuit is a frequency signal that changes as a function of cloud characteristics. The amplifier gain is 10
8
. The output of the nonlinear element can be separated into two models as a function of input amplitude: ͑1͒ an amplifier with a gain of 1 for input amplitude values between Ϫ1 and 1 and ͑2͒ a constant with a gain of 1 with respect to the polarity of the input signal for all the other values of input amplitude ͑Fig. 7͒. The inverter is an element that can be used to multiply the input signal by Ϫ1. The impulse responses for different aerosol densities were used in the simulation that was calculated in Subsection 3.C ͑Fig. 5͒. The distance between the laser transmitter and the electro-optics receiver was assumed to be 25 m. We used the nonlinear element to limit the output of the oscillator ͓Figs. 8͑a͒ and 8͑b͔͒ to intervals of from Ϫ1 to 1. Figures 8 show amplitude change in the output of the oscillator as a function of time. The output of the oscillator for different aerosol densities such as 2000 and 3000 cm Ϫ3 ͓Figs. 8͑a͒ and 8͑b͒, respectively͔ indicates that for low density the oscillator frequency is higher than for high density. The frequency of the oscillator ͑Fig. 9͒ changes from 1.25 to 0.43 MHz when the aerosol density changes from 2000 to 3000 cm
Ϫ3
. It must be emphasized that the oscillation frequency may be somewhat different from that in Eq. ͑23͒ because ͑a͒ the analysis in Eq. ͑23͒ is for a linear system and the implementation is in a nonlinear system and ͑b͒ in Eq. ͑23͒ we make some approximations to simplify the equation. The frequency as a function of aerosol density ͑Fig. 9͒ is univalent, which is an important function for accurate measurement and calibration. From the results of the simulation we find relations between the oscillator frequency and the aerosol density.
The above example takes into consideration probing of aerosol density. In general, for probing different characteristics of aerosol clouds we must proceed as follows:
͑1͒ calculate the phase function of the aerosol particulates according to Mie theory ͑Subsections 2.A and 3.A͒; ͑2͒ execute multiscattering simulation based on the electro-optic and geometric data of the problem with the results of Mie theory ͓see Eq. ͑1͔͒; ͑3͒ Analyze the results of the simulation and derive the parameters of the double gamma function, ͑4͒ Calculate the gain of the amplifier for the parameters of the double gamma functions from Eq. ͑7͒, ͑5͒ Calculate Eq. ͑8͒ based on the data from steps ͑3͒ and ͑4͒. This is to relate frequency and aerosol characteristics.
This procedure permits accurate measurements and probing of aerosol cloud characteristics.
Summary and Discussion
We have presented a new and simple method for monitoring aerosol cloud characteristics with which we can monitor aerosol cloud density, but for other applications other characteristics of aerosol clouds can be monitored with the procedure described in Subsection 3.D. The characteristics of aerosol clouds that can be monitored are distribution function of particulate size, cloud optical thickness as a function of cloud physical thickness, the particulate size distribution and extinction cross section, cloud physical thickness, and medium and particulate refractive-index spatial distribution. In our method only one free characteristic can be monitored. All the other characteristics must be constant.
One might argue that direct measurement of the impulse response of a cloud is a better way to learn about cloud characteristics. However, it requires more complicated equipment and more sophisticated algorithms to analyze the measurement results. In some situations such as free-space optical communication one measurement parameter is sufficient as it is with our model.
The advantages of our model are ͑1͒ simplicity, ͑2͒ no necessity for line-of-sight measurement geometry, ͑3͒ accurate measurement of high optical thickness, ͑4͒ use is made of the scattered light, ͑5͒ under certain conditions measurements can include characteristics of the aerosols clouds related to scattered light that cannot be measured or are difficult to measure with a transmissometer, and ͑6͒ the oscillation frequency represents the cloud bandwidth for free-space optical communication systems.
The disadvantages of our model are ͑1͒ the need for simulation results as calibration data and ͑2͒ the measurement is accurate only for thick aerosol clouds. .
